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Edited by Hans EklundAbstract The eﬀect of solvent hydrophobicity on activation of
Candida rugosa lipase (CRL) was investigated by performing
molecular dynamics simulations for four nano seconds (ns).
The closed/inactive conformer of CRL (PDB code 1TRH) was
solvated in three alkane–aqueous environments. The alkanes
aggregated in a predominantly aqueous environment and by
1 ns a stable spherical alkane–aqueous interface had formed.
This led to the interfacial activation of CRL. On analyzing the
simulated conformers with the closed conformer of CRL, the ﬂap
was found to have opened from a closed state by 7.7 A˚, 10.2 A˚,
13.1 A˚ at hexane–aqueous, octane–aqueous, and decane–aque-
ous interfaces. Further, essential dynamics analysis revealed that
major anharmonic ﬂuctuations were conﬁned to residues 64–81,
the ﬂap of CRL.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Lipases are activated at an oil–water interfaces. Another
important aspect of lipases is their unique physico-chemical
characteristic in the reactions they catalyse. These water solu-
ble enzymes eﬃciently hydrolyse water insoluble lipidic sub-
strates [1]. The many applications of lipases include specialty
organic synthesis, hydrolysis of fats and oils, modiﬁcation of
fats, ﬂavor enhancement in food processing and resolution of
racemic mixtures [2]. Crystallographic studies have shown that
lipases have a surface lid/ﬂap covering the active site [3,5]. The
CRL ﬂap consists of an alpha helix held at its base by a disul-
ﬁde bond and this ﬂap shields the hydrophobic active site from
an aqueous surrounding. At an oil–water interface this ﬂap is
displaced so as to permit the entry and binding of hydrophobic
substrates. This phenomenon was termed ‘‘interfacial activa-
tion’’. The crystal structure of Candida rugosa lipase (CRL)
[5] in the closed and open conformations revealed that major
structural deformation was conﬁned to the ﬂap (Fig. 1).
Peters and coworkers [6] studied the activation of Rhizomu-
cor miehei lipase (RML) using MD and Brownian dynamics*Corresponding author. Fax: +91 44 22350299.
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doi:10.1016/j.febslet.2007.08.002(BD). They performed MD simulations of RML at a lipid
interface [7]. Their studies showed a lipid patch near the open
lid prompted the lid to open more than that observed in the
crystal structure. This clearly established that the lid does re-
spond to hydrophobic interfaces [16]. Minimal conformational
changes was observed when they increased the dielectric con-
stant of the RML surrounding. This lack of conformational
change was also observed when CRL was simulated in pure
aqueous and neat organic environments [17].
Using p-nitrophenyl stearate (PNPS) an artiﬁcial substrate
mixed in alkanes, we observed an increase in the activity of
CRL with increase in alkane hydrophobicity in an alkane–
aqueous system [8]. We postulated that substrate accessibility
to the active site was linked to the opening of the ﬂap from
a closed state. The experimental results suggested that this
activation of the closed ﬂap was in turn linked to hydrophobic-
ity of solvent in which the PNPS was dissolved. Therefore, to
gain insight into the role played by solvent hydrophobicity on
enzyme activity we simulated the open conformer of CRL
(PDB code 1CRL) at alkane–aqueous interfaces and observed
the open ﬂap responding to an interface (Data not shown).
Encouraged, we conducted MD simulations of the closed/inac-
tive conformer of CRL (CRLc) (PDB code: 1TRH) at alkane–
aqueous interfaces. On being presented with a spherical
alkane–aqueous interface CRLc was catalytically activated
and the closed ﬂap opened in response to the interface. The
simulation was carried out for 4 ns with CRLc solvated in
hexane–aqueous, octane–aqueous and decane–aqueous
environments.2. Materials and methods
2.1. Molecular dynamics simulations
The crystal structure of CRLc (1TRH.pdb) with 310 bound water
molecules was used in this modeling study (unless stated otherwise,
only the closed conformer of CRL was used in this simulation study).
PRODRG program [10] was used to generate the coordinates of hex-
ane and octane in PDB format. The simulations were conducted on
two Pentium 4 desktop machines running on linux Redhat 9.0 upon
which GROMACS 3.1 [15] was loaded. The GROMACS force ﬁeld
with hydrogens was chosen for the simulations. Periodic boundary
condition was enabled and CRLc was solvated and centered in a cubic
box containing 5777 explicit water molecules and set to neutral pH
condition [14]. A layer of alkanes was built above this box by conform-
ing to the x- and y-dimension of the aqueous box. The number of
alkanes incorporate were varied by adjusting the z-axis dimensions.
A spherical interface was achieved by adding 245 hexanes, 210 octanes
and 183 decanes to 5777 explicit water molecules. Nineteen Na+ ions
were added by replacing water molecules to neutralize system charge.blished by Elsevier B.V. All rights reserved.
Fig. 1. Superimposed stereo image of the active (CRLo) and inactive (CRLc) conformers of CRL with their ﬂaps colored red and green, respectively.
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minimization and MD simulations. The neighbor hood list was up-
dated every 10 steps and bonds constrained using LINCS [11]. Electro-
static interactions was modelled using a coulombic cut-oﬀ set at 8 A˚
and 14 A˚. SPC water model was used for solvating the protein in an
aqueous environment. Simulations were performed under constantFig. 2. The amino acid sequence of CRL ﬂap, where the hydrophobic am
segment of the ﬂap as seen in the crystal structures.
Fig. 3. (a) RMSD between the simulated and closed conformer of CRL. (b)
and (c) RMSD between the simulated CRL ﬂaps and the open ﬂap of CRLpressure and temperature [12] (P ¼ 1; sT = 0.1 ps, sP = 0.5 ps;
T = 300 K). The time step for integration and centre of mass removal
was 0.002 ps. The energy was conserved during simulations and trajec-
tories were analysed by essential dynamics (ED) and by measuring the
root mean square deviations (RMSD). The graphics were prepared
using Pymol [4].ino acids are colored red. The underlined region indicates the helical
RMSD between the simulated CRL ﬂaps and the closed ﬂap of CRLc
o.
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This method is based on diagonalization of the covariance
matrix constructed from atomic displacements, resulting in a
set of eigen vectors that describe the degrees of freedom of
the protein [13]. Maximum contribution to protein motions
are usually got from the ﬁrst few eigen vectors, about 10, with
the largest from eigen vector 1.Table 1
The accessible molecular surface of CRL and RMSD of the protein
and ﬂap relative to CRLc is tabulated
S. no System RMSD
of ﬂap
(M61-S91)
(A˚)
RMSD of
the whole
molecule
(A˚)
Accessible
molecular
surface of the
protein (A˚2)
1. Hexane/aqueous 6.6 (2 ns) 2.6 (2 ns) 5830.2
7.5 (3 ns) 2.7 (3 ns) 6020.7
7.8 (4 ns) 3.0 (4 ns) 6026.3
2. Octane/aqueous 9.3 (2 ns) 3.2 (2 ns) 6018.0
9.0 (3 ns) 3.1 (3 ns) 6112.2
10.2 (4 ns) 3.4 (4 ns) 6117.0
3. Decane/aqueous 1.2 (2 ns) 3.6 (2 ns) 5741.5
1.23 (3 ns) 3.6 (3 ns) 5869.7
13.1 (4 ns) 3.8 (4 ns) 5992.74. Results
The CRL ﬂap is amphipathic in nature with its upper side
distinctly hydrophilic and forms part of the molecular surface
exposed to the solvent. The side facing the protein is hydro-
phobic and interacts with the hydrophobic residues surround-
ing the active site. The sequence of the ﬂap is shown in Fig. 2.
At an aqueous–organic interface the water insoluble substrates
of CRL enter the active site from the nonaqueous phase. As a
thumb rule, those simulations setups wherein the ﬂap domain
did not reside at the interface (for the whole course of 4 ns)
were summarily rejected and the conditions reﬁned. Therefore,
it was our primary concern that the CRL ﬂap be positioned at
the alkane–aqueous interface during the whole course of sim-
ulation. This condition was fulﬁlled in all our simulation. By
0.4 ns the hydrophobic alkanes had aggregated and stabilized0
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Fig. 4. (a) Eigen values of the covariance matrix in the descending order o
towards motion was from eigen vector 1. (b) Motion along eigen vector 1 (c
during the simulations. Maximum deviation was conﬁned to residues 64–81 t
with reference to the closed ﬂap (blue) after 4 ns of simulations at C6–H2O
surrounding the closed ﬂap is depicted along with the active site residues.in a predominantly aqueous environment. The trajectories
over 4 ns were analyzed by calculating the root mean square
deviations (RMSD) and by essential dynamics analysis. The
RMSD of the enzyme and its ﬂap was calculated by superim-
posing the backbones of the simulated to the energy minimized
CRLc structure (Fig. 3a and 3b). ED analysis was conducted
to reveal anharmonic ﬂuctuations within CRL. A bulk of the
protein motion was deﬁned by eigen vector 1, Fig. 4a. The mo-
tions along eigen vector 1 as a function of simulation time wasEigenvector 1 
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) The RMSD described by eigen vector 1 depicts anharmonic motions
he ﬂap of CRL. (d) The superimposed picture of simulated CRL ﬂaps
(cyan), C8–H2O (green) and C10–H2O (red) interfaces. The residues
4380 J.J. James et al. / FEBS Letters 581 (2007) 4377–4383plotted as Fig. 4b. The anharmonic ﬂuctuations as a function
of residue number was plotted as Fig. 4c. To quantify the area
exposed as the ﬂap opened, the accessible molecular surface
(AMS) of CRL was calculated for all the three simulation envi-
ronments (Table 1) using WHATIF [9].Table 2
Hydrogen bond proﬁle of the ﬂap after 4 ns of simulations
Flap residues Hexane–aqueous Octane–aqueous Decane–aqueous
Met 61 O  N Val 158 N  O Ser945. Discussion
In a previous work Tejo and coworkers [17] reported a sim-
ulation study wherein they had noted that the formation of salt
bridges and hydrogen bonds, tend to keep the CRL ﬂap very
rigid in, aqueous and neat organic environments. In their study
there was no response, in the form of interfacial activation
from CRL due to the absence of an interface. In this study
undertaken to reveal the dynamics of the ﬂap at alkane–aque-
ous interfaces of varying solvent hydrophobicity we found the
ﬂap to open in a diﬀerential manner in response to varying sol-
vent hydrophobicity.
Hexanes being more soluble in water than octanes and de-
canes, aggregated as an entity although, not very cohesively
so as to present a very strong interface in the aqueous environ-
ment (Fig. 6a). But this does trigger a response from CRL and
the closed ﬂap opens by 7.7 A˚, Figs. 3b and 5a. At the hexane–Fig. 5. The simulated ﬂap (red) depicted in conjunction with the open
(marine blue) and closed ﬂaps (green) at (a) hexane–aqueous, (b)
octane–aqueous and (c) decane–aqueous interfaces. The catalytic triad
Ser209, His449 and Glu341 are depicted as sticks and colored blue,
wheat and cyan, respectively. The C-term hinge of the simulated ﬂap
Val 86 is colored red and depicted as a stick.aqueous interface the ﬂap had split up into two distinct helices
stretching from 65 to 71 (PEGTYE E) and 79 to 84 (DL
VMQS), Figs. 5a and 7a. The intermediate region consisting
of residues 72–78 (NLPKAAL) had unfolded at the interface.
There were two types of interactions between Glu70 and
Lys75. At a distance of 4.2 ± 0.7 A˚ the interactions were ionic
in nature and whenever there was a decrease in the separation
the salt bridge was replaced by a hydrogen bond. This was a
feature that was seen throughout the equilibration phase (2 ns
onwards) and this may be attributed to harmonic ﬂuctuations.
The response of CRL, in terms of opening its closed ﬂap, to
the aggregation of octane molecules (Fig. 6b) was more pro-
nounced in comparison to hexane aggregation in the aqueous
box (Fig. 6a). At the octane–aqueous interface the ﬂap con-
sisted of one single helical region stretching from residues 75–
82 (KAALDL VM), Figs. 5b and 7b while the other regions
of the ﬂap had unfolded. A salt bridge between the side chains
of Lys75 and Asp79 stabilized after 3 ns to an average distanceN  O Ser 94
Gln 62 O  N Asn 64 O  N Asn 64
Gln 63 N  O Glu 126
O  N Ala 89
Asn 64
Pro 65 O  N Gly 67
Glu 66 O  N Tyr 69 O  N Thr 68
O  N Glu 70
Gly 67 O  N Glu 71 N  O Ser 91
O  N Ser 91
Thr 68 O  N Glu 70
O  N Leu 73
Tyr69 O  N Asn 72
O  N Leu 73
Glu 70 N  O Leu 73
Glu 71
Asn 72
Leu 73 O  N Lys 5
Pro 74 O  N Leu 78 O  N Leu 78 O  N Ala 77
O  N Ala 77
Lys75 O  N Asp 79 N  O Glu 70
N  O Leu 73
O  N Asp 79
O  N Leu 78
Ala 76 O  N Asp 79 O  N Leu 80 N  O Leu 80
N  O Val 81
Ala 77 O  N Val 81 O  N Met 82
Leu 78 O  N Met 82 O  N Met 82
Asp 79 O  N Gln 83
Leu 80 O  Ser 84
Val 81 O  N Gln 83
Met 82 O  N Ser 84
Gln 83 O  N Lys 85
Ser 84 O  N Phe 87 O  N Val 86
Lys 85 O  N Phe 87
Val 86 O  N Glu 88 O  N Gly 128
Phe 87
Glu 88 O  N Gly 128
Ala 89 N  O Ser 91 O  N Ser 91
Val 90
Ser 91 N  O Ser 59
Pro 92 N  O Ser 94
Fig. 6. The simulation box after 4 ns shows CRL solvated with alkanes (yellow) and water molecules (blue). The ﬂap (red) is seen at the (a) hexane–
aqueous; (b) octane–aqueous and (c) decane–aqueous interfaces.
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phobic, they formed a well marked spherical interface but, de-
canes (Fig. 6c) formed the strongest interface when compared
to octane and hexane as there were no decane molecules dis-
persed in the simulation box. At the decane–aqueous interface
it was found that residues 75–83 (KAALDL-VMQ) formed a
helix Figs. 5c and 7c. It was interesting to note that this stretch
of residues Ala76-Gln83 consisting predominantly of hydro-
phobic amino acids, formed a helix at both, octane–aqueous
and decane–aqueous interface. This may be attributed to the
presence of the hydrophilic residue Asp79 that may be driving
the formation of a helix as the solvent hydrophobicity in-
creased. There were four hydrogen bonds formed by Lys75.
This helps maintain its ﬂap from adopting an over extended
conformation. In all the three simulation environments the ﬂap
maintained its amphipathic characteristic, Fig. 7, with the
hydrophobic residues pointing into, or towards the hydropho-
bic phase and the hydrophilic residues oriented away. After 4 ns
of simulations the extent to which the ﬂap opened was relative
to the formation of the interface or aggregation of alkanes.
The RMSD of the simulations were plotted with respect to
the CRLc and CRLo structures. The RMSD of the simulated
protein and its ﬂap with respect to the CRLc was on expected
lines. The RMSD was found to increase with simulation time
as seen in Figs. 3a and b. The RMSD of the simulated ﬂap that
was attaining an open conformation would be expected to
come towards the active form of CRL (CRLo) but, this was
not reﬂected in the deviations in Fig. 3c. It must be noted that
during simulations the ﬂap was found to move to the right, asseen in Figs. 5a–c. This was in response to the formation of an
interface. Therefore, the RMSD of the ﬂap in the decane–
aqueous interface was found to marginally increase, rather
than decrease, in comparison to CRLo. The orientation of
the ﬂap was certainly diﬀerent to that seen in, CRLo. In com-
parison to CRLo, the simulated ﬂap opened by leaning on res-
idues 86–91 and was found to open in a manner that was
perpendicular to CRLo (Fig. 5). Unlike CRLo, the simulated
ﬂap did not hinge on amino acids 66 and 92 to open but on
Gln63 and Val86. The residues 86–91 did not undergo any ma-
jor structural deviation, converse to that observed in the crys-
tal structure of CRLo [5]. This may be the reason why the cis–
trans isomerisation of Pro92 was not observed. This unusual
movement of the ﬂap was made possible by the long ﬂexible
arms that hold the helix. The open ﬂap makes few interactions
with the rest of the molecule. The hydrogen bonds formed
within the ﬂap and with the rest of the enzyme are found in
Table 2. With the exception of a lone hydrogen bond formed
between Glu88-Gly128 in the octane–aqueous simulations
there was no interaction between the ﬂap and the surrounding
residues. The ﬂap was stabilized only by hydrophobic interac-
tions with the alkane molecules.
Essential dynamics analysis of the trajectories revealed that
motion along eigen vector 1 had equilibrated after 2 ns. This
also revealed that anharmonic ﬂuctuations had occurred dur-
ing 0–2ns of simulations, Fig. 4b. To reveal the anharmonic
ﬂuctuations in the protein, the RMSD of the ﬂuctuation de-
scribed by eigen vector 1 was plotted as a function of residue
number. This revealed that anharmonic ﬂuctuations were
Fig. 7. Stereo image of the simulated CRL ﬂap at (a) hexane–aqueous interface with Lys75 (yellow) and Glu70 (green) pointing into the aqueous
phase (b) octane–aqueous interface depicting Lys75 (green) and Asp79 (yellow) that form a salt bridge (c) decane–aqueous interface depicting Glu70
(green) and Lys75 (yellow) pointing into the aqueous phase. Amino acids at the ends of the ﬂap Ser91 and Met61 are colored white and cyan,
respectively.
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ation of the ﬂap at the decane–aqueous interface was utmost
(Fig. 4d), also supported by the RMSD proﬁle of the ﬂap at
n-alkane–aqueous interfaces Fig. 3b. During the simulations
the CRL ﬂap had opened to a maximum of 14 A˚, 10 A˚, and
8 A˚ in decane–, octane– and hexane–aqueous systems. The
accessible molecular surface was found to increase in the three
systems with every nanosecond of simulation.6. Conclusions
The lack of direct means to observe the eﬀect of solvent
hydrophobicity on CRL activity lead to application of MD
simulations of CRL in alkane–aqueous environments. MDsimulations of the inactive conformer of CRL solvated in 1-
hexane–aqueous, 1-octane–aqueous and 1-decane–aqueous
systems revealed the solvation environment and the manner
in which CRL ﬂap responded to solvent hydrophobicity.
CRL responded to the alkane aggregation by displacing its ﬂap
to expose its hydrophobic active site. But, the extent to which
the ﬂap opens to permit substrate access was dictated by the
strength of the interface. This study also does give an insight
that during hydrolysis the ﬂap may not just be opening in
one set pattern as revealed and determined in the crystal struc-
ture of 1CRL [5] but, may vary corresponding to the formation
of the interface.Acknowledgement: JJJ thanks the CSIR, Government of India for the
senior research fellowship. PG thanks the Department of Science and
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